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A comparisonispresentedbetweenthemeasuredtake-off
groundrunCIfanairplaneequippedwithsevendifferent

,pr~peller-enginegeah-ratioocmbinatimsandthecomquted
distancesbytwodifferentmethods.

Inthenoresinplemethod(XXXRep.na.~~0,1932,
entitled‘TheCalculationofTake-OffIWntfbyWalterS.Diehl)
theassumptionwasmadethatthenetthrust,thatis,’accel-
eratingforce,varieslinearlywithairspeed.Inthe”more
refinedmeth~da p~int-by-pointomputatimwasmadeofthe

9 netacceleratingforcefrominstanteme~usvaluesor~cmind
friction,thrust,drag,andlift. (T@elattertwoquantities

# weredeterminedwiththeaidofwind-tunnelte”ststhat
● includedtheeffectsoftheslipstreamin thepree~ncetifthe

ground.) An estim&ticmofpropellerthru&tfarbothMethods
wasmadeh~theuseofNA@ Am No.3G26,1943entitled
“WorkingChazztsfortheComputationofl%opeller9hrust
ThroughouttheTake-OffRangenby DesmondandFreitag.

Inthemajorityofcases,valuesofgroundruncalculated
b~Diehlfsapproximatemethadcheckedexperimentalvalues
within+7percentbutwerein errorasmuchas 15percentin
theeaseofa propellerwhichwasoperatingat anunfavorable
,pcwerloading.Attemptstoimprwetheaccuraoyofthe
ground-runcalculationbyuseoftherefinedmethoddidn~t

. appearwarrantedunlessstrictlyap:~licablethrustdataoran
inprovedmethodofthrustcmputati’mtoavoidlargeerror6
inunusualcasesareavailable.iWeninthecaseofhighly
loadedpropellerstheeffectsofslipstreamm dragareof
secondaryimportance,andfurthornorearein sucha direction

9 astocausetheacceleratingforcetoapproachmoreclosely
thelinearvariationassumedby DieEl.
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INTRODUCTION

Withtheincreaeed,powerofmodernmilitaryaircraft
causiliga trendtomarehighlyloadedpropellersthereis
reascntoexamineconventionalmethods~fcomputingtake-off
runwhichwerebasedcmassunptianswhichhavebeenverified
under18ssextremeoonditi9ns.Forexmple,thewidelyused
methodofDiehl(reference1)isbasedontheassumptionthat
thenetthrust,that1s,acceleratingforce,deoreaseswith
an increaseinairspeedina.linearfashion,Usageindicated
thisassumptiontobe reasonablycorrectforpropellersof
normalsectionandblalewtdth,at thrustloadings(and
accompanyingslipstreamvelocities)of 20pmndspersquare
footdiscarea. Onp??esent-dayaircraft,activityfactorsM
highas1~ arenotunusual(obtainedInsonecasesbytra3ling-
edgeextensionsgivingunusualbladeprofiles)andthrust
loadingsoftheorderof70poundspersquarefootareInuse.

Itnightbeanticipatedthatthesefactorswouldsuffi-
cientlyinfluencethevariationof thrustwithairspeed,or
theincreasedslipstreamvelocitieswouldsoaffecttheair-
planedragandliftcharacteristicsduringthegraundrun,
thata significantvariationfromDiehlJsassumptionwouldbe
encountered.Itthereforeappearedappropriatetormkeuseof
dataobtainedframtake-offground-runte@s ona numberof c
propellerinstallationsrepresentative-ofproscnt-daypractice
andto comparetheresultswithoomputattonsbasedonthe #
originalsimplifiedassumption.Also,sincetheairplaneon &
whichthetestswererunwasoneonwhichconsiderablewind-
tunneldatawereavailable;bothwithpropelloroperatingand
intheprcsenoe~fa groundpiano,i.twasp~ssiblctodetcr,-
mtneaocuratolythodragandliftcharacteristicsinthe
take-offrunandtousethesecl!!ractcristiosina rftoro.refined
methodoftake-~ff’calculations.

Thisrcpwtproscntstheoxporimcnt~.llydotcrminodt&tkc-
~ffgroundrunofthetestairplaneoquippodwtthsovondif-
ferentpropeller-enginegear-ratiooonbinattons‘andcompares
thosecharacteristicswiththosowhichwouldbocomputedby
Dichllsmethodandbya moredotailodmoth~ddcvclopodherein.

mmcxls
a accolcration;

m airplanedrag
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airpl=.leliftcoefficient

propellerdiemeter,feet

dmagorairplane;po-vnds

&cceleratimof~mavtty,feetpersecondpersocmd

(32.2)
lift~fairplane,pounds
maGsotairplane,slugs

coefficient~f friotinn(0.0~)

dynamicpressure,p~und~persquarefo+3t(*OV2)

netwheelload

ground-rundistance,feet

wingarec,sqtzarefeet ,

prapellerthr.~st,p~mnds

thrustcoefficient(T/PV2Q2)

airplaneweight,pounds

forcesactinginX directim

foroesactinginZ directian

EQJI?1fEH7

Theairplaneusedinthefli~httestswasat’’9-phC0,
inverted-gull-wingdivekmaberp~weredbya 2300brakei“m?u~-
powerair-cmledradialengine.Figurei isa drawing~f$he
airplane showingitsgeneralarrangenea%I:k.ilefigure2 isa
fr=mtview. Furtherdescriptimnayhefoundint~.eajj~ecdix~

Theaerodynamicchaiiacteristiosofthevarlnusfmr-
bladetestp~~pi?lleiasareas f~llalrs: -—
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Activityfactor
Propeller perblade

A
B
c

103
910z

NACATNNO,121jG

Thicknessratio, Diameter
b-percentradius (ft]

o.o~
.062
.076
.0’79
.057
.Opq

12.67
13.5”
13.67
11●17
13.5
1300

Figure3isa photographofthetenplatesof eachblade
at three-quarterbladeradlus~ It is seenfromthisfibwre
thatthebladeofpropellerE hasbeenncdlfiedby extending
theuppercambersheetabouttwoInchesbeyondtheoriginal
trailingedge,thusmakingall.theairf~ilsectiansofthe
bladeflappedsectionsofabout20°flapdeflection,BladeF
hasbeenmodifiedbyextendingthelowercamber~heetabout
twoincheswithnoresultingflapdeflection.

TESTPROCEDURE

Therelativetake-offgroundruns~fthevaricwspro-
pellercombinationswerecomparedonthebasisofthevaria--
tion~fairplanevelocitywithgroundrun. No effortwas
madet~determinethetake-offdistance,thatis,thedistanoe *
inwhichtheairplanebecomesair-borne,sincethischaracter-
isticissubJecttc$considerablevariationdependingonpilot
techniquesThusthocffcot,ifany,ofthevariouspropellers

*.
m the ~air-borne’lspeedwasnotdoterminodinthesotests.

TOmakethevariousgr’xmdrunsdirectlycanparabloa
standardprocedurewasadopted.Fullpowerwasappliedwith
theairplanoata standstill.Brakeswcrothenrclcascd,and
thoentirerunuptowellbeyondtheminimump~ssibletake-off
speedwasmadeinthothree-pointattitude.ghcdistanco
tra’versedandinstantaneousvelocityworodetorninedfroma
motim-picturercoord~fgroundmarkersat10-featintcrvcls
on therunway.A typicalplotofthogroundrun~btainedby
thismethodis showninfiguro4. Allrunswerenadcwith
windvelocitiesof3rd-lospcrhourm lCSSanda correctim
fcwwindvclocitywasappliedinacmrdanccwiththenctilad
ofrofcrence10
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A rigorousequationforcomputingthegr~undrunafan
airplanecanbe developedasfollows:

IfthesummationofforoesalongtLe Z-axis(fig.~) is
nadethen

XZ=O=L--W+R (1)

R= W-L (2)

Consideringtheforoesactingala,ngthe X-axisaM neglect-
ingtheforces requiretitoacceleratewheelrotation

(3)

wwherefromNe@onlsseoondlawofmotim za is equivalent
totheacceleratingforce(i.e.,netthrus~).Substituting
theequivalentvalueofequation(2)into{3)

T w
-D-~”a-y(U-L)=O

Sincetheaccelerationa maybe expressedas

032

wehav~

:Vg =T - D - v(W- L)”

If
ds=- VdV

gT-D-p(w -L)

(5)

(6)

(7)
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Integrating

f ‘s= [’ :, -::.(w”- L)

or

6 ! ‘~ VdV=
o g Z!- CDqS- IL(W- CI@)

.

(8)

(9)

Byplottingtheintegrandof equation(9)M a function
ofvelocityandintegratingtheresultantcurveatvelocity
increments,thedesiredcurve~fgrmnd mm versusvelocity
naybe~btained.Itmustbepointedcmtthatboththedrag
andliftcoefficientsarefunctions.-~fthrustcoefficient
whichvarieswithvelooity;hencetnevalues@ CDand.CL
mustbedeterminedindependentlyateachvelocitybefore
beingplacedintheintegrandandusedii~theintegratim
process.Thevariableswhichmustbe dealtwith”in equation
(9)todeterminethenetthrustare T, C!D,and CL. The
approxtuatiorioftheDiehlmethodassumesthatthenetthrust
varieslinearlyfromstaticconditlmtothetake-offcondi-
tim. In contrast, theWefinedneth~dflcallsforthepqLnt-
by-pointevaluationot T, CD, and CL in ordertodeter-
minethevariation~fnetthrustwithvel~city.

Forthepurposeofthepresentreportthechartsof
reference2 wereusedtoestablishthepropellerthrust
requiredbybothnethods.Tipcompressibilitylosseswere
accountedforbya methodessentiallythesameas thatout-
linedinreference3.“

InordertoevaluateCD and CL forthecomputation
ofnetthrustbythenorerefinedmethod,wind-tunneldataon
thetestairplaneintheAmes~- byGO-f’oottunneland7- by
10-foottunnelwereused. Inthoformer,theliftanddrag
cocfficiontvariationwithpropelloroporatingweredetermined:
andInthelatterthoadditionalcffoct~fthogro-~ndwas
evaluated.Bytheuse of thcsodatathevariatimof CD .-..

with To andCL with Tc, shownonfigure6,forthetest
airplaneinthotake-offattitude,withflapsandgeardown,

~

wasdcterminod.Thosovalueswereused inthecomputation
ofnetthrustbythenoredetailedmcth~ds w



Figure 7 s’hewsthecmpri sm betweentheteGtdatam?.
tkeresuitsaftt~omethodsof calculatiqn,.,T!hecmIipar339ag
fm each propeller-enginegear-rati.ocmbinationarepres&te~
atthreeenginepowers:normalrated(2100bhp)~ military
(2250bhp],andtake-o~t(2300bhp).

Itis seenon figure7 thattheoalcul.atedground-run
curvescorrelatewiththeteatourvesthroughoutthespeed
rangepresentedQuanti’tativelthemu?vescheckverywell

Texceptfor figures T(e) and7(g. Thereasonforthedis-
crepancyinthedatainthesef@uresismostlikelydueto
theincorrectdeterminationofpropellerthrust.Because~f
therelativelysmallpropellerdiameterandlowpr~yeller
rotationalspeed,thebladeangleat7~-percentradiustor
thepropeller1)af figure7(e)is intheneighborhwd~?355.
Withthebladeatthishighan angle,itistobe expected
thatmuchofthebladewillbe stalledthroughouttheground
run makingitd5.ffioulttoevaluatethethrustccwrectly.
In~hecaseofpropelierE (fig.7(g)),whichhasdefleotcd-
flapsections,it islikelythattheuseofthechartsof
reference2 mayleadto anorrnnewsvalueatthzzustsince
theseohartsarebasedonunflappedbladescotims.

A comparison~fthecalculatecurvesof’gr~undrun
(fig.?(a) to 7(g))bythetl~odifferentmethodsshawatho
correlationtobe verygood.Thereasonforthismaybe
explainedbythecomparison~fthenetthrusts(i.e.,the
thrustavailableforacceleration)as showncmf’@urcs8(a)
to$( ), It.,is seenthatthenetthzzustas determinedbyTDiohls method(cst.imatingthothrustatthestatiocon-
dition,andtheIIliftoff~pointanddrawinga straightline
between)checksthovaluesdeterminedbytherefinedmothnd
withanexc,e,llcntdegreeofaccuracy~A reasons.bloexplana-
tionforthisaccuraoyrequiresa furthol”studyofthotasic
variablesinvolved.

Diehl,inarrivingathisassumptionnf linearvaria.tim
ofnetthrust,consideredthefactsthat(1)ata constant
angloofattacktheaerodynamic.dragwillvaryas thesquare
oftheairspeeds(2)thefrictiondragwillvaryasthc,whool
load(neglectingslipstream’effcqts);and”.(3)thethrustwill
varywitha substantiallylinearr“clatio”nwithairspeed.
Examinin

?~
ustthedragcooffioiontanditsvariationon

figure9a , itis soonthatat thelbw-spiedrangoof tho
take-offrunanapprooiablodoviatianexistsb~twecnthe
power-onvalueof dragcoefficientandthooonstantvalue,.



assumedbyDtehlin developinghismethod.ThiBdeviation
yieldsanaerodynamicdragforcethatisabout1000pounds
greaterthanthatobtainedbyusingthepower-offvalueof’
dragcoefficient(fig.9(b)).Thisresultleadsoneto
inspecttheliftvariatimbetweenthetwomethods,sincewheel
frictionforceisdependentuponlift.

.

b“

Figure10(a)sh~wsthevariationbetweenthepower-on
valuesof liftcoefficientandthevalueasusedtodeternine
thevariationofwheelfrictionforoewithairspeedforDiehlls
method.Itisagainseenthata widedeviationexistsat the
low-seedrangeoftherun.

t
(ThespeedrangeC&from66ft/sec

to 12 ft/seccorrespondstothespeedrangeforwhichthe
take-offrunsarepresentedm figure7,i.e.,~ to ~5mph.)
Eventhou~hthedifference-inliftcoefficientusedinthe
twonethodsisaboutAC = 1.0,

k
thewheelfrictiondrag

differenceIsverysligh (fig.10(b)).Thereasonforthis
slightdifferenceisbecausethewheeldragis theproductof
thecoefficientoffriction(~= 0,03)andthedifference
betweentheairplaneweightandlift.Sincethewheeltriotion
dragdifferenceisonly100pounds&ndtheaerodynamic drag-
di.fferencc+isabout1000pounds,onewouldexpectthenet
thruststobe offby about900poundsandyetthemaximumnot
thrustdeviattonof’figure~(a)to ~(g)wasmly 300pounds.
Figure11givesa reasonableexplanaticmfortheclo~eagree-

*

nentofnetthrustsas.determinedbythetwometh~ds.The,
propelleroffigureg(a)Isusedasan illustrativeexample. u
Curve(a)ofthisfigureshowsthevariationoftotalairplane
dragas determinedbyaddingtheaerodynamicandfriction
dragsusedinDiehllsoriginalconsiderationoftheproblem.
Whenthetotaldragasused inthorefinedmethodis compared
withDiehlls,itis seenthata very widediscrepancymaybe
disregardedsincethevariationas determinedby therefined
methodapproximatesmorecloselytholinearvariation(curve
(b))resultingfromDiehlisftialassumption~fa linearnet
thrustvariation.Itmaythenbe concludedthatfw an air-
planeonwhiohtheslipstreameffectsarcsizablea linear
var~aticmoftotaldragismorecloselyapproximatedthanfor
anairplanecmwhiohtheslipstreameffectsarenegligible.

Figure12Zsa summaryfigureoftheindividualprey
pellors,It showsa comparisonbctweonthecalculatedand
experimentaltestdistancesooverodat anairlanespeedof

780milesperhour(approximatetake-offspoetlfor2250,2300~
and2100brakehorsepower.

Itis seenthatthem%jorityofthocalculateddistances
am inerrorbylessthanA7pcrcontofthetestdistances



exceptforpropellersD (ge=ratio= 0.~!375)andE at 2300
brakehorsepower.Thesouroeoferrorforbothofthesepu~-
pellersismostlikelythatofthrustestimationashasbeen
previouslye~lained.Theinabilitytoaccuratelycmputeti~i~
thrustforthesetwopropellershasdirebtlycontributedto
theerrorsinpredictedtake-ol?fdistance~Hence~itmaybe
concludedthat,atthepresenttine,themostsignificant
contributiontothemoreaccurate.predictionoftake-off’run
WIIIbe thatof the provislmofmethodsforthenore
aocurateestimationoftake-offthrust,particularlyinthe
caseofunorthodoxpropellerdesignsandofpropellers
operatingunderunfavorablepowerloadingconditi~ns~ —

CONCLUSIONS

Fromtheexaminatio~~ofthedatapresentedhereinthe
f9110wingconclusionsaredrawn:

--

1. Ina majorityofoases,valuesofgrmndruncalcu- ‘
lqted,byDiehltsapproximaternethadcheckedexperimental
values within*7percentbutwereinerroras‘muchas 10p’er-
centfora propellerwitha defleotedtrailing-edgeflap,
and15percentinthecaseofa propellerwhichwaeoperating. atanuntaworablepowerloading.

2.. Attemptsto inprovotheaccuzzacy~fground-run
calculationsbyuseOYa morerigorousmethoddonotappear
warrantedunlessstrictlyapplicablelift,drag,andparticu-
larlythrustdataareavaihble~

36 Improvedmethods~fthrust computationarerequired
inorderto avoidlargeerrors(inunusual cases) in Diehlis
nethod~andbeforeanymorerigorousnethod”nayprofitably
be substitutedforDiehltsappraxinatemethod.

AmesAeronauticalLaboratory,
NaticmalAdvisoryCommitteeforAeronautics,

ibffettField,(ZMfo
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APPENDIX

A moreoompletedescription:oftheairplaneandtest
equipmentispresentedbelow:.

Airplane,general

Span,ft.. . . . . . . . . . . . . . . . . . . . . 44-.62

Length,ft. . . . . . . . . . . . . . . . . . . . . 3&56

I?eight(astested),lb.. . . . . . . . . . . . . . 16,!)00

Wing Laminar-flow-typeseotionswiththicknessvarying

fromM?percectatr~ottolbpercentat tip

Area,sqft.. . . . . . . . . . . . . . . . . . . 375

Engine

Type. . . . . . . . . . . . . . .......... R-3350
Ratings

~ rJl?l_Altitude-

Take-off.. . . . . . . . . . . . 23002800 Sealevel
m.litary. ● . . . . ● ● ● , , ,, 22502600 2t300ft
Normal. . . . . . . . . . . . . . 2100 2400 2500ft

Gearratio.. . . . . . . . . . 0,437’5or0.5625(depending

INSTRUl@TATION

StandardNACAInstrumentswere used

uponinstallation)

torecorduhoto-
bwaphically,asa functionoftime,quantitiesfrom-whichthe
followingvariablescouldbe obtained:normalandlongitu-
dinalacceleration,nanlfoldpressure,enginespeed,engine
torque,airspeed,andaltitude.An observermeasuredthe tind
speedbyuseofa sensitivevelometer.

1.

w
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TESTS

Theground-rqntestswereconductedwiththetestair-
planeata grossweightof16,OOOpunds. Flapswere
deflected35°,oil-coolerandcowlflapswerefullyopen.
Groundrunsweremadeby aliningtheairplaneatthestarting
pointandapplyingthespecifiedpowerconditicms~When
powerccmditimsweresteady,theinstrumentswereturnedo;
bytheflightobserverandthebrakeswerereleased.Theair-
planewaskeptona straightcaursebyuseof therudderalone,
andtheentirerunwasmadeIn”thethree-pointattitude.

Testswereccmductedat thetwodifferentengine-
pr~pellergear-ratincombinationsof0.4375and0.5625because
ofthelargevariationinthedianeterofthepropellers
tested,Thelower ratio(0.4375)wasgenerallyusedwiththe
largediameterpropellerssothatexoessivetipspeedlosses
wouldnotbe incurred.Thuspr~pellerA wastestedat the
0.5625gearratio;whereaspropellersB, C$E, andF were
testedat the0.4375gearratio.PropellerD,however,was
testedatbothgearratios.To accommodatethepropellersot
13&footdiameter andl=ger,thenose-wheelstrutof the
airplanewasextendedin sucha fashionthattheground-run
angleofattackwasincreasednearly2°, Thisfactorhas. beentakenintoaccountinthecomputations. —

Theground-rundatafromthehigh-speedcamerawere●,
plottedasdistanceversustine.Thiscurvewasthendiffere-
ntiatedtogiveairplanevelocityversustimefronwhit-na .—
finalcurveof’groundrunversus velocitycouldbe obtained.
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